Hematopoietic stem cells (HSCs) are a population of cells in the bone marrow which can self-renew, differentiate into late lineage progenitors, or remain quiescent. HSCs exist alongside several cell types in the bone marrow microenvironment that comprise the stem cell niche. These cells regulate HSC function and can contribute to leukemogenesis. In this review we will discuss recent advances in this field.
INTRODUCTION
Renewal of blood cells depends on hematopoietic stem cells (HSCs), a self-renewing population of cells in the bone marrow, which give rise to late lineage progenitors and ultimately terminally differentiated mature cells. Differentiation of HSCs must be balanced against preservation of HSC capacity for self-renewal and quiescence to maintain adequate supplies of blood cells throughout the life of the organism. Failure to achieve this balance can give rise to stem cell exhaustion and bone marrow failure or hematological disorders.
HSCs exist in the bone marrow along with several other cell types that collectively comprise the bone marrow microenvironment. Regulation of HSC function by microenvironmental factors, including vascular anatomy and signaling from other cell types is a growing area of research. In this review we discuss recent advancements in our understanding of microenvironmental effects on normal HSC function and leukemogenesis. which regulate HSC function, including nonmyelinating Schwann cells [4] , Nestin þ mesenchymal stem cells (MSCs) [5] , leptin receptor-expressing (LepR þ ) cells [6] , and cells expressing stem cell factor (Scf) [7] .
How the unique properties of arterioles and sinusoids relate to HSC distribution and quiescence is controversial. Although HSCs are seen in close proximity to sinusoids more often than to arterioles, this may be because of the dense, regular distribution of sinusoids rather than a true association. A 2013 study showed that HSC proximity to sinusoids was statistically indistinguishable from random distribution, while HSCs were significantly more proximal to arterioles than predicted by random distribution [1] . In the same study, the authors showed that MSCs expressing Nestin-GFP at high levels and the pericyte marker NG2 were located exclusively along arterioles, and depletion of these cells induced HSC mobilization. Nestin þ MSCs have previously been shown to be an important component of the HSC niche [5, 8] . These results suggest that HSCs are spatially associated with arterioles and that the arteriolar niche promotes HSC quiescence.
Another study examining HSC proximity to blood vessels showed different results. The authors again found that absolute distances of HSCs to sinusoids did not differ from random distribution, but HSCs being closer to sinusoids than to other vessel types was seen more frequently than predicted by random spots [9 && ]. This was the case for both dividing and nondividing HSCs. In the same study, the authors found that perisinusoidal LepR þ cells, rather than NG2
þ Nestin high cells, were spatially associated with HSCs and secreted Scf and CXCL12, both of which promote HSC quiescence [7, 10] . This is consistent with a previous study which showed that Scf is expressed by perivascular stromal and vascular endothelial cells, particularly those surrounding sinusoids, and that deletion of Scf from endothelial cells or LepR þ cells significantly decreased bone marrow HSC populations and repopulating ability in transplantation studies but had no effect when deleted from osteoblasts and Nestin þ stromal cells [11] . Together, these results suggest that the perisinusoidal zone creates a niche that promotes HSC quiescence.
Further characterization of factors surrounding the arteriolar and sinusoidal niches may help clarify these disparate findings. Hypoxia is thought to be an important contributor to stem cell quiescence [12] . There is evidence that the perisinusoidal zone is more hypoxic than other areas of the bone marrow, with a 2014 study showing greater local oxygen concentrations and Nestin expression near arterioles [13] . It is possible that using stromal Nestin expression as a marker for the HSC niche may be problematic, however, as Nestin transgene expression may vary regionally across different populations of perivascular stromal cells in the bone marrow [11] .
Endothelial cells also regulate HSCs in the vascular niche via multiple mechanisms in addition to Scf secretion. E-selectin expressed by bone marrow endothelial cells promotes HSC cycling and proliferation at the expense of population maintenance, and its knockout or pharmacologic blockade promotes HSC retention in the vascular niche [14] . Endothelial Jagged-1-Notch signaling regulates HSC cycling as well. Previous studies indicate that Notch activation in HSCs promotes HSC population maintenance [15, 16] and expansion after pharmacologic insult [17] . Endothelial cell-specific knockout of Jagged-1, a ligand for Notch pathway receptors, decreased populations of long-term HSCs (LT-HSCs) in the bone marrow, increased HSC cell cycling, and led to premature exhaustion of HSCs after sublethal irradiation [18] . Although endothelial E-selectin and Jagged-1 expression are important regulators of HSC function, their relative expression levels by arteriolar and sinusoidal endothelial cells are not well established. Recent evidence and the association of hypoxia and Scf expression in the sinusoidal zone seem to suggest that it promotes HSC quiescence; however, in light of contradictory evidence further studies are needed to more accurately define the HSC vascular niche.
THE ENDOSTEAL NICHE
The endosteal niche is also thought to be an important site of HSC quiescence. Several MSC-derived cell types in this niche regulate HSC function, including CXCL12-abundant reticular (CAR) cells [19] , osteoblasts [15] , and spindle-shaped N-cadherin þ CD45 À osteoblastic cells [20] .
CXCL12 is expressed in multiple stromal cell types and is an important regulator of HSC retention through its receptor CXCR4 [21] . Selective deletion
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of CXCL12 from CAR cells, osteoblasts, endothelial cells, and Nestin þ mesenchymal progenitors resulted in loss of HSC quiescence or repopulating ability [10] , and its expression in Nestin þ MSCs is important in establishing the HSC niche during development [8] . CAR cells, a population of osterixexpressing adipo-osteogenic progenitor cells found in the endosteal and perivascular niches, are a major source of Scf and CXCL12 in the bone marrow and are important in maintaining HSC populations in an undifferentiated state [22] . Recent studies have shown that the transcription factor Foxc1 is important in promoting CAR expression of Scf and CXCL12 and inhibiting adipogenic processes in CAR progenitors; deletion of Foxc1 in murine mesenchymal cells resulted in increased bone marrow adipocyte populations, depletion of CAR cells, decreased Scf and CXCL12, and decreased HSC populations in vivo [23] .
Other studies have further demonstrated the importance of relative populations of osteoblasts and adipocytes in HSC function. A 2015 study showed that high-fat diet alters gut microbiota, which increased the population of adipocytes and decreased the population of osteoblasts in the bone marrow [24 && ]. This change in populations of MSCderived cells, mediated by PPARg, was associated with increased LT-HSC cell cycling, increase in multipotent progenitors, and diminished hematologic recovery following pharmacologic myelosuppression. Increased levels of leptin in the bone marrow were seen in high-fat diet-fed mice with decreased levels of Jagged-1, Notch2, Tie2, and CXCL12. These results are consistent with previous observations that leptin promotes lymphopoiesis and myelopoiesis [25] .
Osteoblasts regulate HSC function directly or indirectly through several mechanisms, including promotion of HSC quiescence via Jagged-1/ Notch [15] , angiopoietin-1/Tie2 [26] , thrombopoietin [27] , and osteopontin [28] . Consistent with the above studies, a recent study showed that ablation of osteoblasts in adult mice resulted in increased cell cycling of HSCs and decreased repopulating capacity in transplantation studies [29] . Together, these studies suggest that MSC-derived CAR cells and osteoblasts promote HSC maintenance while adipocytes and leptin promote HSC cycling and differentiation. The finding that MSC fate can be influenced by the metabolic environment of the organism, and that this fate can have significant effects on HSC quiescence, may be clinically relevant to many disease processes. Underscoring this idea is the observation that obesity may be a risk factor for hematologic malignancies [30] .
In addition to secreted factors, osteoblasts may regulate HSC quiescence and retention in the bone marrow via direct interactions with cadherins [31] . Previous reports suggest that LT-HSCs localize to spindle-shaped N-cadherin þ CD45 À osteoblastic cells via N-cadherin [20] . The importance of these interactions in maintaining HSC quiescence is unclear, however, as studies have yielded conflicting results. Some studies suggest that N-cadherin expression in HSCs promotes quiescence via decreased b-catenin signaling [32] , that knockdown of N-cadherin in HSCs is associated with increased cycling [32] , and that HSCs home to N-cadherin þ osteoblasts on transplantation into irradiated hosts [33] . Other studies have shown that Cdh2 ablation in hematopoietic or osteolineage cells has no discernible effects on hematopoiesis [34, 35] . However, these studies do not exclude the possibility of compensatory functions of other cell adhesion molecules (CAMs) in the setting of N-cadherin deficiency.
Studies of other adhesion proteins have supported the role of direct cell-cell interactions in mediating HSC quiescence in the endosteal niche. Wnt signaling has been shown to be important in regulating HSC function, with a shift from canonical to noncanonical Wnt signaling being associated with increased HSC self-renewal and decreased repopulating ability [36] . Wnt regulation of HSCs appears to be mediated in part through its effects on HSC adhesion in the niche. Two downstream effectors of Wnt, b-catenin and the phosphatase PTPN13, are important in this process [37,38 & ]. Knockdown of these effectors in murine Lin À cells increased the fraction of LT-HSCs, increased HSC and progenitor adhesion in the bone marrow, decreased cell cycling and proliferation, and was associated with upregulation of several CAM genes (ITGA4, CDH1, CDH12, NCAM2, and RELN) [38 & ]. Notably, this effect was seen in vivo in transplantation studies and in coculture with MSCs, but not in isolated Lin À cultures or cocultures with MSCs in transwell devices, demonstrating the importance of physical interactions of HSCs with niche stromal cells. In the same study the authors showed that PTPN13 and b-catenin levels as well as CAM expression in HEL cells were modulated by TPO, CXCL12, and Scf, suggesting that these factors may act at least in part through cell adhesion.
Although the importance of MSC-derived cells in the endosteal niche is well established, there is growing evidence that feedback from HSC-derived cells themselves is important in regulating HSC function. Endosteal macrophages play a role in supporting the HSC niche and maintaining local osteoblast populations [39] and can promote erythropoiesis in the setting of hemolytic anemia by interactions with erythroid precursors via the adhesion molecule VCAM-1 [40] . More recent studies have also suggested that megakaryocytes in the endosteal niche have dynamic effects on HSCs. In one study, megakaryocytes promoted HSC quiescence by secreting CXCL4 [41] . A separate study showed that megakaryocytes can both promote quiescence via secretion of transforming growth factor (TGF)-b1 under homeostatic conditions and promote HSC expansion and cycling after pharmacologic myelosuppression via increased expression of fibroblast growth factor-1 [42] .
THE NERVOUS SYSTEM
There is mounting evidence for the important role the sympathetic nervous system plays in regulation of HSCs in the bone marrow microenvironment. Studies have shown that HSCs express catecholamine receptors [43] and that b2-adrenergic activity promotes HSC motility and proliferation [44] . Circadian variations in norepinephrine secretion and b3-adrenergic activity in bone marrow stromal cells also appear to mediate HSC mobilization via downregulation of CXCL12 [45] . In addition to catecholaminergic signaling by neurons, glial fibrillary acidic protein-expressing nonmyelinating Schwann cells induce HSC quiescence by activating latent TGFb in the niche, which promotes intracellular Smad activity in HSCs [4] . Neuropeptide Y also appears to be important in maintaining sympathetic nerve fibers and HSC populations in the bone marrow, likely through modulation of bone marrow macrophage activity [46] . The importance of the nervous system in regulating HSC function has become increasingly clear in recent years as studies have shown associations between neuropathy and progression of hematologic malignancies.
MICROENVIRONMENTAL FACTORS CONTRIBUTING TO MALIGNANCY
Hematologic malignancies arise from a leukemogenic mutation of a stem cell or progenitor creating a subset of self-renewing leukemic stem cells (LSCs) in the bone marrow which are responsible for the generation of bulk leukemic blasts [47] . There is growing evidence that the bone marrow microenvironment is important in leukemogenesis and in regulating LSC function. In 2007, two studies showed that microenvironmental dysfunction is capable of inducing myeloproliferation or neoplastic transformation by extrinsic influences on HSCs through retinoblastoma inactivation [48] and retinoic acid receptor g deletion [49] in the microenvironment. Recent studies have elaborated on this idea and revealed several mechanisms by which the microenvironment can induce or alter the natural history of hematologic malignancies.
Just as osterix-expressing osteolineage cells play critical roles in regulating normal HSC quiescence and proliferation, they are also important in malignancy. In one study, deletion of the mRNA endonuclease Dicer1 in osteolineage cells with Osx-GFP-Cre disrupted progenitor differentiation into osteoblasts and was associated with myelodysplasia and neoplastic disease [50] . Another study showed that constitutive b-catenin activation in osteoblasts led to increased Jagged-1 expression in osteoblasts and Notch activation in HSCs, which induced leukemia [51] . The transcription factor FoxO1 was important in downstream signaling of the constitutively active b-catenin [52] . Although these studies illustrate the role of Notch activity in HSCs in leukemogenesis, other studies have shown that decreased Notch activity in bone marrow stromal cells similarly promotes malignancy. In one such study deletion of the Notch downstream effector RBPJ in bone marrow stromal cells with Mx1-Cre or endothelial cells with Tie2-Cre induced myeloid cell mobilization and myeloproliferative disease via upregulation of mRNA-155 and NF-kB activation, which were associated with increased granulocyte colony stimulating factor and TNFa expression in stromal cells [53] .
Osteoblasts can modulate disease progression in the setting of existing malignancy as well. In one study, myeloproliferative neoplasm (MPN) development in a mouse model of chronic myelogenous leukemia induced expansion of abnormal osteoblasts which overexpressed TGFb and inflammatory cytokines and showed attenuated Notch expression, which was associated with impaired functioning of normal HSCs but not of LSCs [54] . Osteoblast ablation in a mouse model of chronic myelogenous leukemia led to accelerated disease progression [29] , suggesting that complete loss of osteoblast activity, including Jagged-1 signaling, in the bone marrow contributes to leukemic cell expansion. Interestingly, a recent study also showed that osteoblasts promote dormancy in myeloma cells whereas osteoclasts reverse this effect [55 & ]. This is clinically relevant as it may partly explain the therapeutic effect of bisphosphonates in multiple myeloma [55 & ].
Together these findings indicate that balanced osteoblastic function is essential in maintaining normal HSC function, and that aberrant overactivity or absence of osteoblastic input promotes hematologic disease. The multiple roles of osteoblasts in hematologic diseases are illustrated by the findings that increased TGF-b production and activation of osteoblasts by constitutively active osteoblast parathyroid hormone receptors attenuates BCR-ABL1-induced MPN but enhances MLL-AF9-induced AML in mouse transplantation models using human cell lines [56] . In addition to evidence supporting the importance of endothelial cells and other cells in the bone marrow in disease progression, these results suggest that microenvironmental stromal cells could be an important target for therapy.
Several recent studies have also illustrated the impact of bone marrow nervous system dysfunction in hematologic malignancies. One study showed that MLL-AF9-induced AML induced sympathetic neuropathy in the bone marrow, which was associated with increased leukemic infiltration into the bone marrow and proliferation and differentiation of Nestin-GFP þ cells toward the osteoblast lineage. Blockade of b2-adrenergic tone in these mice was associated with greater leukemic cell proliferation and reduced host survival [57] . Another study examining JAK2(V617F)-induced MPN showed that mutant HSCs damaged the bone marrow sympathetic nervous system, including Schwann cells, by overproduction of IL-1b, which was associated with depletion of Nestin-GFP þ cells and MPN progression [58] . Importantly, in this study b3-adrenergic agonists restored Nestin-GFP þ cell populations and prevented MPN progression, illustrating the importance of bone marrow sympathetic tone in maintaining a healthy HSC microenvironment [58] . These studies show that sympathetic tone is an Scf, stem cell factor; TGF, transforming growth factor.
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important regulator of bone marrow stromal cells as well as HSCs directly, and that neuropathy can contribute to leukemia progression by multiple mechanisms.
CONCLUSION
Microenvironmental regulation of HSC quiescence, self-renewal, and mobilization is highly complex (see the graphic abstract in Fig. 1 ). There are in fact multiple microenvironments within the bone marrow with distinct mechanistic and anatomic relationships to HSCs, and several of these relationships remain controversial. The HSC microenvironment is a growing area of research and in recent years there have been great advancements in our understanding of HSC regulation in healthy as well as disease states. Better understanding of microenvironmental contributions to malignancy would have important clinical implications, as microenvironmental dysfunction can affect engraftment of healthy donor stem cells or give rise to donorderived hematologic malignancies following stem cell transplantation. The vascular and endosteal niches, nervous system, cell signaling pathways, and metabolic influences may provide many opportunities for intervention in hematologic malignancies.
